This paper reports on the effect of yttrium oxide as a novel treatment to improve the photoluminescence (PL) intensity and stability of porous silicon (PS). Yttrium oxide (Y 2 O 3 ) was incorporated into the PS layers by impregnation method using a saturated aqueous solution. The penetration of yttrium into the PS microstructure was examined using the Energy dispersive X-ray spectrometry (EDS) and the backscattered electron detector (BED-C) for composition imaging and analysis. The morphology of the front surface was studied using a field emission scanning electron microscope. The deposited yttrium oxide onto the PS layers was thermally activated to passivate efficiently the silicon dangling bonds, and prevent the PS from huge oxidation. The PL peak intensity of impregnated PS was increased noticeably compared to the as-prepared untreated PS. Unlike the as-prepared PS photoluminescence dependence with aging, the yttrium-passivated PS layers PL peak shows no shifts during aging allowing a high stability. Furthermore, we obtained a significant improvement of the effective minority carrier lifetime (τ eff ) after a short anneal at 600 °C, while increasing the temperature reduces noticeably the passivation properties. The improved surface passivation experienced after the thermal annealing can be ascribed to yttrium diffusion into the PS layer, with a resulting redistribution of yttrium oxide and subsequent passivation of silicon dangling bonds in the sub-interface region, this was confirmed by EDS analysis. The internal quantum efficiency measurements were performed to study the optoelectronic properties of the processed monocrystalline silicon substrates.
Introduction
The visible photoluminescence (PL) from porous silicon (PS) at room temperature has attracted much attention to increase its intensity and to stabilize its emission, which enabled vast possibilities for technological applications [1] [2] [3] . Frequently, PS is obtained from crystalline silicon by electrochemical anodization in an aqueous hydrofluoric acid (HF) solution. In fact, the porosification of crystalline silicon allows the creation of sponge-like structures formed by pores of a few micrometers depending to the preparation method. On the other hand, PS has been demonstrated to yield efficient visible light emission at room temperature over a wide range of spectra [4] [5] [6] .
PL from PS is mostly ascribed to electron confinement in the silicon nanocrystals [4, 7] . Furthermore, the large fraction of voids inside the PS structure results in a very large specific surface area [8] [9] [10] . The main problem that many researchers are working to resolve is the instability of its native interface with metastable Silicon-hydrogen termination. The latter undergoes spontaneous oxidation in ambient atmosphere and results in a degradation of the surface microstructure. Due to its poor stability in time, mainly due to the generation of nonradiative defects at the initially hydrogen-terminated nanocrystallites silicon upon the huge oxidation that proceeds during storage in air, the essential parameter to be controlled allowing a better stability of PL from PS layers is the surface state of this material. The structure of PS cannot be totally controlled [11] and PS layers can easily suffer from changes in the surface states during aging in air [12] . Many surface treatment techniques have been used to obtain stable PL or improving its intensity. One of these techniques is the passivation of PS using a thin metal oxide film deposition [13] [14] [15] . In this work, we report the beneficial effect of yttrium-passivation of PS to enhance its PL stability and intensity. The effect of yttrium oxide-treated PS layers was studied and compared to other untreated PS prepared by means of the same conditions, to exhibit the effect of yttrium on the aging behavior of PS at room temperature. The optoelectronic properties of the treated wafers were investigated. Moreover, obtained results show a noticeable increase of the internal quantum efficiency (IQE) and the effective minority carrier lifetime τ eff , indicating the role of yttrium oxide deposited onto the PS layer, grown at the front surface, and its apparent dependence with temperature. The yttrium/PS layers can be used as an efficient silicon surface passivation layer.
Experimental details
Boron doped P-type Si (10 0) Czochralski Si (Cz-Si) wafers with 1-4 Ω cm resistivity were used for the investigations reported in this work. Before starting the porosifcation process of the crystalline silicon wafers, they were cleaned using acetone then ethanol, respectively. The PS layers were prepared by conventional electrochemical anodization in a HF-based electrolyte, the current density is 15 mA/cm 2 and the etching time is 10 min, in a Teflon anodization cell with a Pt mesh as the cathode. The PS formation process was controlled using optimized parameters, particularly a constant current density that was obtained by regulating the voltage across the two electrodes connected to the potentiostat. A platinum wire were used as a counter electrode that was positioned in the electrolyte above the Si surface which is to be etched, while the metallic plate acts as the working electrode. The anodization parameters have been optimized in order to obtain PS layers with 70% porosity and around 4.3 µm thickness. After producing the PS layers at the front surfaces of our Si substrates, they were rinsed in de-ionized water then immersed in a diluted aqueous HF to remove the native oxide. Subsequently, the PS were immersed in a saturated solution of yttrium oxide in diluted nitric acid 15% HNO 3 , followed by a spin-on procedure in Nitrogen atmosphere at 80 °C to distribute the solution over the PS surface homogeneously. This step was repeated three times. Then, samples were slightly dried with nitrogen gas. Annealing treatment was performed first at 200 °C for 10 min then at temperatures ranging between 200 and 700 °C for 30 min in nitrogen ambient, to activate the yttrium ions in the PS matrix.
Results and discussion
After the electrochemical etching, the silicon substrates front surfaces were found to possess nanometer scale roughness due to the produced PS layers (Fig. 1a) due to the formation of nanocrystalline Silicon. The thickness of the PS layer was around 4.3 µm. In fact, PS is known to have a very large internal surface area highly reactive. The oxygen atoms react with the silicon atoms and the surface is covered with silicon dioxide even at room temperature affecting its microstructures. Micropores and metal particles are visible, as shown in Fig. 1c, d , and seem to be distributed homogeneously onto the PS layer. After the deposition of yttrium oxide before annealing, we used two modes during the field emission scanning electron microscope (FESEM) imaging to point out clearly the existence of yttrium oxide grains into the PS layer: (c) is the normal mode (LED), while (d) was taken using the backscattered electron detector (BED-C) mode for composition imaging and analysis. Deposited yttrium oxide is clearly shown in Fig. 1d apprearing in light gray and randomly distributed onto the PS layer, marked by some yellow arrows to distinguish between the PS and the incorporated metal oxide. Figure 1a shows the surface morphology of the untreated PS layer. The cross-sectional FESEM view, show clearly the silicon matrix and its surface morphology. Further analysis was conducted to confirm with the energy dispersive spectroscopy (EDS) the presence of yttrium in the PS Matrix. Figure 2 exhibits the EDS analysis spectra of the as-prepared PS layer confirming also the presence of the incorporated yttrium oxide into the PS layers, before annealing. Figure 3 shows the variation of the Skewness (S sk ) and the average maximum profile valleys depth, deduced from AFM analysis. They are important in giving a better understanding of the surface. Skewness (S sk ) is a measure of the asymmetry of the distribution of heights about its mean line, when it is symmetrical its value is zero. Negative values of S sk indicate that the surface is more planar and valleys are predominant. In fact, if the surface has more peaks than valleys and the height distribution is asymmetrical the Skewness is positive [16, 17] . Accordingly, as shown in Fig. 3 , the obtained values of S sk prove that the surface contains a high concentration of pores that tend to decrease after annealing the immersed samples. This is due to the pore filling with yttrium oxide that took place after increasing the annealing temperature to 500 °C, then S sk decreases obviously. The decrease of the skewness for higher temperatures can be related to the diffusion of the incorporated yttrium oxide deep into the pores due to the thermal treatment effect [13, 14] .
Due to the importance of the textured surface analysis to study the morphology of the prepared samples, 1 3 we plotted the variation of the average maximum profile valley depth (R vm ) in Fig. 3 . The latter is defined as the measure of the deepest pore (described as valley) depths in the yttrium-treated PS, calculated over the surface [16, 18, 19] . It concerns the deepest valleys across the surface profile analyzed from the mean line. R vm is a useful parameter to study the morphological changes in the post-annealed yttrium/PS layers. According to Fig. 3 , R vm variations indicate an apparent dependence of the pores (described as valleys) dept with annealing temperature due to the induced agglomerations and pore filling that looks in accordance with the discussed variations of the skewness (S sk ). Figure 4 shows the PL dependence of PS with the subjected yttrium passivation post-annealed at different temperature. The PL intensity increases first and then decreases drastically as the temperature exceeds 600 °C. It can be seen that the highest improvement in the PS photoluminescence was obtained after the passivation of PS with yttrium oxide thin film after post-annealing at 600 °C. The PL intensity of PS is increased significantly compared to that of the uncoated PS.
Metal-passivation on the surface of PS crystallites has been reported before to have a beneficial effect [13, 14, 20] . In contrast, some passivation methods, such as sputtering for example, of certain metals does not easily result in the bonding of Si dangling bonds with metal ions, and the formed metal layer accelerates the diffusion of excited carriers for nonradiative decay in nearby defects rather than preventing. It is the purpose of the present study to use yttrium oxide passivation, thermally activated, to passivate the silicon dangling bonds, and form an yttrium oxide surface layer on the Si nanocrystallites to protect the PS layer from intense oxidation. For that reason, the silicon dangling bonds are known to have a detrimental effect on the porous silicon PL properties since they are acting as nonradiative centers that decrease obviously the PL intensity. The PL intensity dependence with temperature is depicted in Fig. 5 . Figure 6 shows FTIR spectra of the treated PS with yttrium oxide and post-annealed at 600 °C. Yttrium oxide was clearly identified via its characteristic bonds, indicating the crucial role of yttrium in the passivation process of the nanocrystallites in the PS layer. The formation of Y-O-Si bonds have been reported and proved in previous studies [21] . The characteristic vibration bands of the Y-O bond (metal-oxygen) were observed at 562, 455 [22, 23] and 506 cm −1 [24, 25] . These bands have already been reported for Y 2 O 3 thin films obtained by other techniques [23] . 
Peak intensity
Temperature (°C) Fig. 5 Photoluminescence peak intensity dependence with thermal annealing after the yttrium-PS passivation observed below 594 cm −1 [21] . Besides, absorbance bands located at around 810, and 1080 cm −1 , which were related to the asymmetric bending, and stretching modes, respectively, of Si-O-Si bonding [21] . Figure 7 depicts the EDS analysis performed with careful characterization on the cross-section of the treated PS layer with yttrium at the optimum temperature (600 °C). The results point out an obvious increase of the atomic percentage of yttrium, from the top to the bottom of the layer. The latter confirms that yttrium was deeply incorporated into the PS microstructure. It is worth noting that FESEM observations of the prepared PS and yttrium/PS revealed a thickness around 4.3 µm. We can infer that yttrium diffusion into the PS microstructure and at the sub-surfacique region of the silicon substrate, as confirmed with the EDS analysis of Fig. 7 , has a crucial effect on the obtained improvements of the PS optoelectronic properties.
The effect of aging on both untreated PS and yttrium-PS treated layers was investigated. After storing the passivated PS with yttrium oxide in ambient air at room temperature, there is no PL blueshift observed, as shown in Fig. 8a . For comparison, untreated PS was also prepared by the same technique and same conditions. As shown in Fig. 8b , not only blueshift in PL peak positions was observed during storing, but also a slight decrease of intensity. The modified silicon nanocrystallites, after the incorporation of yttrium oxide, consist of three regions: the Si core, interface, and the outer Y layer. The surface layer is transformed to a contaminated native oxide, during exposure to air, while the PL undergoes significant degradation. In fact, in the interface between the inner core and outer silicon oxide layer the oxidation process producing dangling bonds and other Our results clearly show that the yttrium-passivated PS surface structure has a distinct advantage. First, the interface is well terminated by yttrium ions, forming a perfect interface structure rather than that in normal oxidized PS. Second, the outer yttrium oxide layer can prevent a possible large diffusion of oxygen into the crystalline silicon core, which can decrease the nanocrystallites size and also leads to the creation of silicon dangling bonds. This is the reason why in yttrium passivated PS the PL was enhanced significantly and stabilized without remarquable blueshift during aging. Accordingly, the improved PL intensity from yttrium-passivated PS layer of Fig. 4 is due mainly to surface dangling bonds being further terminated by yttrium ions. The schematic illustration in Fig. 9 show the effect of postannealing on the penetration and diffusion of yttrium oxide into the pores, also, the silicon nanocrystallites is suggested to be covered with the yttrium oxide, as shown in Fig. 9b , which explains the efficiency of its passivation effect of the PS layer. The thermal activation stimulated the diffusion of impurities towards the outer surface of the silicon nanocrystallites.
The outer yttrium oxide layer on the surface can prevent ambient oxygen from migrating into the Si core of the PS microstructure and consequently its size was undiminished, and therefore the peak position is found stable. These results suggest that the PL from aged yttrium-PS might be ascribed to the combined effects of quantum confinement in silicon nanocrystallites and radiative recombination occurring through different types of luminescence centers such as complexes of silicon with impurities or point defects and impurities in which the incorporated yttrium ions can play a crucial role, without any peak shift dependence according to the proposed model of Qin and Jia [26, 27] .
The total reflectivity was measured by means of PerkinElmer Lambda spectrophotometer equipped with an integrating sphere. Figure 10 shows the reflection spectra for the as-prepared untreated PS, the as-deposited yttrium oxide onto the PS layer and the post-annealed yttrium-PS at the optimum temperature 600 °C. It can be seen that the reflectivity of the PS layer was reduced to its lower values after annealing at 600 °C. The increase of temperature leads usually to a variation of the morphology, which notably reduces the reflectivity. The reduced reflectivity can be partially explained by an increased roughness after the incorporation of yttrium oxide into the PS layer. It is well known that surface morphologies with high roughness, allowing a high scattering and therefore a resulting low reflectivity. This behavior is mainly attributed to the high internal multiple reflections into the porous structure, as illustrated in Fig. 9a , known to trap efficiently the incident light. 
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The combined effect of the post-annealed yttrium/PS at various temperatures acts as a passivating layer of the crystalline silicon surface and also an efficient antireflection layer increasing consequently the absorption of the incident light at the front surface. The latter was investigated by means of the IQE and the effective minority carrier lifetime measurements. Results show clearly the effect of yttrium oxide on the passivation process of the PS layers and its dependence with temperature, compared with the asprepared untreated PS subjected to the same thermal treatment in the same conditions. The effective minority carrier lifetime shows a minor improvement in the as-prepared untreated PS layers subjected to the same thermal annealing, as shown in Fig. 11 , with maximum values not exceeding 8 µs. Concerning The PS/yttrium treatment post-annealed at various temperatures, measured τ eff reach its highest values 37 µs after annealing PS/yttrium at 600 °C, showing a good agreement the discussed results in the PL study. Thus, carrier lifetime was significantly improved by the proposed yttrium-PS treatment, in view of the fact that recombination activities have been reduced significantly allowing the obtained increase of the effective minority carrier lifetime. Lee and Glunz [28] showed that improve carrier lifetime also improved the solar cell efficiency. This was reported in many previous works since improving the electrical properties of crystalline silicon is of great importance for photovoltaic applications [29, 30] .
In point of fact, the front surface reflectance can be reduced by means of texturization, but due to an increase in the number of surface defect states the recombination activities will rise. In view of that, the proposed yttriumpassivation treatment of PS layer, grown at the front surface, aims to reduce the recombination activities and to improve the surface quality. As discussed, obtained results prove the beneficial effect of the deposited yttrium oxide which passivated the surface defect states efficiently. To investigate furthermore the effect of yttrium-PS treatment we measured the IQE after each thermal annealing, presented in Fig. 12 . An IQE spectrum can be defined as an involvement of the known three parts of a pn junction, namely the emitter, space charge and base [31] . Wavelengths < 600 nm can penetrate only up to a few micrometers into the silicon substrate, consequently, a large number of charge carriers in the emitter and close to the p-n junction regions will be generated. The recombination activities at the front surface in silicon has a significant effect on the generated carriers collection probability in the short wavelength range, since it is well known that recombination has a detrimental effect on the electrical properties of silicon solar cells. According to the IQE spectra, in Fig. 12 it is apparent that the major difference between the annealed samples appears in the wavelength region 400-650 nm, confirming that 600 °C is the optimal annealing temperature and found to be consistent with our discussed results. Improvements are also significant between 650 and around 900 nm, indicating an obvious improvement of the electrical properties in the bulk. The effect of yttrium-PS passivation through a thermal annealing enable a non negligible thermal agitation of impurities to facilitate its migration near the surface were they will be trapped into the PS layers and at the interface, which increases the recombination activities, as illustrated in Fig. 9b . The latter can explain the PL drop after annealing at 700 °C and seems to be in good agreement with the variations of the effective minority carrier lifetime of Fig. 11 . 
Conclusion
In order to gain insight into the PS properties after the yttrium-PS treatment, we studied the effects of thermal treatment and aging in air ambient. The deposited yttrium oxide exhibits a crucial role on the stabilization of PL during aging and improves its intensity after a post-annealing at an optimum temperature, which was found 600 °C. Obtained results prove the beneficial effect of yttrium-PS passivation on the PL properties of PS and its effect on the improvement of the electrical properties in the corresponding crystalline silicon substrate, regarding essentially the important improvement of the effective minority carrier lifetime that reached 37 µs after annealing at 600 °C, and the IQE measurements. Hence, yttrium oxide incorporation into PS is a promising process for PS to realize enhanced silicon-based optoelectronic devices.
